INTRODUCTION
============

The activation of the C--O bond and the transformation of ethers are significantly important from both scientific and practical viewpoints. For example, the conversion of dimethyl ether is a key issue in syngas chemistry ([@R1]). They are particularly crucial in lignin degradation and utilization because ether bonds are the main linkages in lignin ([@R2]). Biomass as a raw material to produce useful chemical compounds has attracted considerable interest ([@R2]--[@R7]), which can liberate us from our reliance on fossil resources and can also be considered as recycling of CO~2~ by a combination of photosynthesis and chemical methods. Lignin is one of the main components of lignocellulosic biomass, which is a renewable carbon resource ([@R8]). Much attention has been paid to the depolymerization of lignin, and various useful products and platform molecules have been obtained, such as liquid fuels, alcohols, phenols, and aromatic ethers ([@R9]--[@R13]). There exist abundant structure units of aryl methyl ethers in lignin ([@R2]). Some aryl methyl ethers can be derived from lignin (for example, guaiacol and syringol), and some naturally exist in plants and can be directly extracted (for example, anisole and anethole). Aryl methyl ethers are widely used as lignin model compounds to study lignin transformation ([@R2]). With the extensive study of biomass valorization, conversion of aromatic ethers into more valuable chemicals is becoming particularly important and attracting increasing interest ([@R14]--[@R16]). For example, in our previous work, ketones were obtained by the hydrogenation and hydrolysis of aromatic ethers ([@R17]). However, because of the inertness of the aromatic ether bond, there remain great challenges to achieving highly efficient conversion of aromatic ethers into important compounds ([@R18]). Moreover, current methods to transform aryl methyl ethers mainly involve cleavage of the ether bonds, where the methoxyl/methyl groups usually result in side products. New approaches to direct utilization of the aryl-O-Me functional groups are highly desired.

Aryl acetates are value-added chemicals. For example, phenylacetate is an important compound that can be used as a solvent and as an intermediate for medicines and organic synthesis ([@R19], [@R20]). It has also been used in cancer detection ([@R21], [@R22]), and its rearrangement isomer, *p*-acetylphenol, can be used to cure cholecystitis and icterohepatitis. Different methods have been reported for preparing aryl acetates, and most of them involve acyl chloride or anhydride, which are risky reagents because of their high reactivity ([@R23]--[@R26]).

Here, we discovered that aryl acetates could be produced by the carbonylation of aryl methyl ethers ([Fig. 1](#F1){ref-type="fig"}). It was found that the RhCl~3~ catalyst in CH~3~CN medium was highly efficient for the transformation of aryl methyl ethers into aryl acetates in the presence of LiI and LiBF~4~ and that the yield of the desired product could be higher than 90%. In the experiments, we found that LiBF~4~ could effectively promote the cleavage of ether bonds, which was further proved by theoretical calculations. As far as we know, this is the first report that shows the efficient synthesis of aryl acetates by carbonylation of aryl methyl ethers, which complements the current C--O activation/cleavage chemistry. In addition, the method is important for exploring new routes to biomass valorization, of which the transformation of aryl methyl ether units is a key issue.

![General scheme of the carbonylation reaction of aryl methyl ether to produce aryl acetate.](aaq0266-F1){#F1}

RESULTS
=======

Screen of catalysts and optimization of reaction conditions
-----------------------------------------------------------

We first screened the catalytic system and optimized the reaction conditions for carbonylation of anisole to phenylacetate ([Table 1](#T1){ref-type="table"}). The reaction proceeded smoothly in the presence of RhCl~3~, LiI, and LiBF~4~, and the yield could reach 90% ([Table 1](#T1){ref-type="table"}, entry 1). The reaction did not occur without LiI, and the amount of LiI had a significant influence on the reaction ([Table 1](#T1){ref-type="table"}, entries 1 to 4). Taking LiCl as the alternative to LiI, the reaction did not take place ([Table 1](#T1){ref-type="table"}, entry 5), suggesting the significance of I^−^. LiBF~4~ could greatly promote the reaction. The yield of phenylacetate was only 14% solely with RhCl~3~ and LiI ([Table 1](#T1){ref-type="table"}, entry 6), and it increased to 90% with the aid of LiBF~4~ ([Table 1](#T1){ref-type="table"}, entry 1). The amount of LiBF~4~ had little effect on the reaction ([Table 1](#T1){ref-type="table"}, entries 1 and 7). If LiBF~4~ was replaced with BF~3~, then both the conversion of anisole and the yield of phenylacetate decreased sharply ([Table 1](#T1){ref-type="table"}, entry 8). The results were close to those without LiBF~4~ ([Table 1](#T1){ref-type="table"}, entry 6), which suggested that LiBF~4~ was crucial, whereas BF~3~ almost had no effect on the reaction. The ^19^F nuclear magnetic resonance (NMR) spectrum (fig. S1) of the mixture after reaction showed only one peak at 148.88 parts per million, which was assigned to BF~4~^−^, and no signal of BF~3~ was detected. This demonstrated that LiBF~4~ was stable without decomposing into BF~3~ in the reaction condition. When the lithium salts were changed to potassium salts, the reaction did not take place and the reactant remained untouched ([Table 1](#T1){ref-type="table"}, entry 9). This indicated that the acidity of Li^+^ was also very important for the reaction. The pressure of CO considerably affected the yield, and the yield decreased to 63% when the pressure decreased to 1 MPa ([Table 1](#T1){ref-type="table"}, entries 1 and 10). The yield of phenylacetate reduced sharply to 9% as temperature decreased from 130° to 120°C ([Table 1](#T1){ref-type="table"}, entry 11). The effect of solvent was also checked ([Table 1](#T1){ref-type="table"}, entries 1 and 12 to 14). The yield of phenylacetate in a polar solvent was higher than that in an apolar solvent. In an apolar solvents, such as toluene and cyclohexane, the yields of phenylacetate were only 8 and 26%, respectively, whereas in a polar solvents, dimethyl sulfoxide (DMSO) gives a 59% yield of phenylacetate and CH~3~CN was the best among the solvents used. Without RhCl~3~, anisole could be almost completely converted to phenol, but no phenylacetate was produced ([Table 1](#T1){ref-type="table"}, entry 15). We also performed the reaction using Rh~2~(CO)~4~Cl~2~, IrCl~3~, PdCl~2~, CoCl~2~, and NiCl~2~ as catalysts in the presence of LiI and LiBF~4~ ([Table 1](#T1){ref-type="table"}, entries 16 to 20). The activity of Rh~2~(CO)~4~Cl~2~ was the same as that of RhCl~3~. It is known that \[Rh(CO)~2~I~2~\]^−^ is the main active catalytic species in the carbonylation of CH~3~I, and it can be derived from different Rh sources in the presence of CO and excess amount of iodine ions ([@R27]), which will be discussed in the "Reaction mechanism" section. Pd, Ir, Ni, and Co salts are also widely used in carbonylation reactions ([@R28]), but the activity of IrCl~3~, PdCl~2~, NiCl~2~, and CoCl~2~ was lower than that of RhCl~3~ for the carbonylation of aryl methyl ethers ([Table 1](#T1){ref-type="table"}, entries 17 to 20). Although the conversion of anisole could reach 69 and 88% when using IrCl~3~ and PdCl~2~, the yields of phenylacetate were only 23 and 35%, respectively, and the main product was phenol. Only 2 and 7% yields of phenylacetate were achieved over NiCl~2~ and CoCl~2~ catalysts, and a large amount of phenol was also produced. It can be known from the results above that Rh species, BF~4~^−^, Li^+^, and I^−^ were indispensable for the excellent performance of the catalytic system. RhCl~3~, LiI, and LiBF~4~ cooperated very well in the reaction. The Rh species mainly catalyzed the carbonylation, whereas LiI acted as a cocatalyst in the carbonylation reaction and as a reagent for the cleavage of the ether bond, and LiBF~4~ assisted LiI to cleave the ether bond. These are further discussed in detail in the following paragraphs.

###### Optimization of reaction conditions for the carbonylation of anisole.

Reaction condition: **1a** (3 mmol), catalyst (1.5 mol%), and additives (0.66 eq LiI + 0.1 eq LiBF~4~) in MeCN (1.5 ml); 12 hours; CO pressure, 2 MPa; 130°C.

  **Entry**
  -----------
  1
  2
  3
  4^‡^
  5
  6
  7^§^
  8
  9
  10^¶^
  11^\|\|^
  12
  13
  14
  15^\*\*^
  16
  17
  18
  19
  20

^**\***^Conv., conversion.

^†^Yields were determined by ^1^H NMR analysis with trioxane as the internal standard.

^‡^LiI, 0.25 eq.

^§^LiBF~4~, 0.3 eq.

^¶^CO, 1 MPa.

^\|\|^120°C.

^\*\*^1 mmol anisole.

Role of LiBF~4~
---------------

Among the several indispensable components in the catalytic system, the function of LiBF~4~ is the most remarkable. It has not been reported to efficiently promote the cleavage of aryl alkyl ether bonds. We performed density functional theory (DFT) calculations to address the mechanism of the LiBF~4~-promoted cleavage of the ether bond, focusing on the role of LiBF~4~. The mechanism of the whole reaction is examined in the Discussion section. All the calculations were carried out with the M06-2x method combined with the TZVP (triple zeta valence polarized) all-electron basis set and the SDD (Stuttgart/Dresden) pseudopotential basis set ([@R29]--[@R31]), using the Gaussian 09 package ([@R32]), and the solvent effect was taken into account by the solvation model based on density (SMD) ([@R33]). First, we optimized the transition states of the cleavage of the ether bond of anisole by LiI alone without LiBF~4~. It was found that LiI directly cleaves the ether bond through a four-membered ring transition state ([Table 2](#T2){ref-type="table"}, **TS-a**), and the Gibbs free-energy barrier is as high as 42.9 kcal/mol, which is too high, such that the reaction cannot take place under the experiment condition (130°C) through this path. With the help of two LiI via a six-membered ring ([Table 2](#T2){ref-type="table"}, **TS-b**), the energy barrier decreases to 37.6 kcal/mol. This is still a bit high for the reaction to take place smoothly at 130°C, which is consistent with the experimental result that the conversion of anisole was relatively low (26%) with solely LiI ([Table 1](#T1){ref-type="table"}, entry 6). Then, we investigated the situation in the presence of LiBF~4~ and LiI, where LiBF~4~ acts as a bridge to transfer the Li^+^ cation from LiI to lithium phenolate. It was found that LiBF~4~ can insert between the anisole and LiI of structure **a**, forming a seven-membered-ring transition state (**TS-c** and **TS-d**). There are two possible orientations of LiBF~4~ (structures **c** and **d**), and the corresponding energy barriers are 35.1 and 36.3 kcal/mol, respectively, which are considerably lower than that of transition state **TS-a** and are very close to that of transition state **TS-b**. Inspired by this, we further considered the case of LiBF~4~ inserted into structure **b**, and the energy barrier decreases to 27.0 kcal/mol (**TS-e**) and 25.9 kcal/mol (**TS-f**), respectively, which are suitable for the ether bond cleavage at 130°C. In the process, the Li^+^ cations of LiI and LiBF~4~ interact with the O atom of anisole, which lengthens the O--CH~3~ bond from 1.420 to 1.460 Å. Meanwhile, the natural population analysis (NPA) charge ([@R34]) of the methyl increases from 0.305 to 0.369, indicating that the C--O bond is weakened and that the methyl could be more easily nucleophilically attacked. On the other hand, the BF~4~^−^ anion interacts with another LiI and makes it easier for S~N~2 (bimolecular nucleophilic substitution) attack from the back of the methyl. Thus, the LiBF~4~ salt can significantly promote the cleavage of the ether bond by LiI.

###### The pathways and structures of the transition states of the cleavage of the ether bond.

Structure optimization and free-energy calculation were conducted at the M06-2x/(SDD + TZVP) level. See Materials and Methods for more details. The Cartesian coordinates are listed in the Supplementary Materials.

Substrate scope
---------------

We also studied the performance of the catalytic system for the conversion of other aryl methyl ethers into corresponding aryl acetates. [Table 3](#T3){ref-type="table"} shows the yields of the desired products for various substrates under optimized conditions, and most of them were greater than 80%. In general, the reactivity of the substrates with an electron-donating group was higher than that of the substrates with an electron-withdrawing group. For alkyl-substituted anisole (**1b**, **1c**, and **1d**), the yields of the corresponding acetates (**2b**, **2c**, and **2d**) were 87, 93, and 92% in 12 hours, respectively ([Table 3](#T3){ref-type="table"}, entries 1 to 3). For substituent groups with a weak electronic effect, such as --Cl, --NHCOCH~3~, and --OCOCH~3~, the reactivity of **1e**, **1f**, **1g**, and **1h** was similar to that of anisole, and the yield of the desired aryl acetates was about 90% ([Table 3](#T3){ref-type="table"}, entries 4 to 7). When the substituent group was stronger electron-withdrawing, the reactivity of the aryl methyl ether decreased slightly. For example, with the --CN (**1i**) or --F (**1j**) group on the aryl ring, the yields of **2i** and **2j** were 84 and 80%, respectively, which were a bit lower than that of **2a** ([Table 3](#T3){ref-type="table"}, entries 8 and 9). Steric effects also had an obvious influence on the reaction. Substituents on the ortho position (**1k** and **1l**) decreased the yield of the carbonylation products ([Table 3](#T3){ref-type="table"}, entries 10 and 11). Notably, the 5-O-4--type ether bond in **1k** remained untouched, indicating the high selectivity of this catalytic system. The catalytic system was also active for methyl ether with a fused aromatic ring. For example, 2-methoxynaphthalene (**1m**) could be transformed into **2m** with a yield of 84% in 18 hours. When the substrate had two --OCH~3~ groups, the catalytic system was also active. For *p*-dimethoxybenzene (**1n**), the yield of 1,4-phenylene diacetate could reach 81% in 18 hours, and no 4-methoxyphenyl acetate was detected. For substrates with a competitive reaction site (**1o**), the yield of the desired aryl acetate (**2o**) was relatively low.

###### Substrate scope of the carbonylation of aryl methyl ethers.

Reaction condition: substrate (3 mmol), catalyst (1.5 mol%), and additives (0.66 eq LiI + 0.1 eq LiBF~4~) in MeCN (1.5 ml); CO pressure, 2 MPa; 130°C. The reaction time for **1b**, **1c**, **1d**, and **1j** was 12 hours, and the reaction time for others was 18 hours.

\*The yields of **2d**, **2h**, **2k**, and **2o** were determined by a gas chromatograph (GC), and others were determined by ^1^H NMR analysis with trioxane as the internal standard.

We also tested the reactivity of the lignin monomers guaiacol (**1p**) and syringol (**1q**). The reactions were conducted at 100°C for 48 hours, and the results are shown in [Fig. 2](#F2){ref-type="fig"}. Guaiacol was transformed to 48% yield of 2-hydroxyphenyl acetate (**2p**) and 10% yield of 1,2-phenylene diacetate (**3p**). The products for syringol were a bit complex, including 2-hydroxy-1,3-phenylene diacetate (**2q**), 3-hydroxy-1,2-phenylene diacetate (**2q′**), benzene-1,2,3-triyl triacetate (**4q**), dihydroxyphenyl acetates (**3q** and **3q′**), and acetophenone derivates. The total yield of the main products, 2-hydroxy-1,3-phenylene diacetate (**2q**) and 3-hydroxy-1,2-phenylene diacetate (**2q′**), was 18%. The main reason for the low yield of desired products may be that the pyrogallol intermediates were very active and some unknown condensation reaction took place.

![The carbonylation reaction of guaiacol (1p) and syringol (1q).\
The yield of the products were determined by GC. The reaction conditions were the same as that in [Table 3](#T3){ref-type="table"}, except for the lower temperature (100°C) and the longer reaction time (48 hours).](aaq0266-F2){#F2}

DISCUSSION
==========

Reaction mechanism
------------------

We have demonstrated above that LiBF~4~ could promote the reaction of LiI and aryl methyl ether to produce CH~3~I. It is known that CH~3~I is the active intermediate in the carbonylation reaction of methanol ([@R28]). In the presence of an Rh/I catalyst, CH~3~I can react with CO to form acetyl iodide. The catalytic active species is the \[Rh(CO)~2~I~2~\]^−^ anion, which can be derived in situ from different Rh sources ([@R27]). This may be the reason that RhCl~3~ and Rh~2~(CO)~4~Cl~2~ gave identical results ([Table 1](#T1){ref-type="table"}, entries 1 and 16). RhCl~3~ can be reduced by CO to form \[Rh(CO)~2~I~2~\]^−^ with an excess amount of iodide according to the equation in [Fig. 3](#F3){ref-type="fig"} ([@R35]). The reaction solution changed from dark reddish brown before the reaction to pale straw yellow after the reaction, which corresponded to the color of Rh(III) and \[Rh(CO)~2~I~2~\]^−^, respectively ([@R36]). On the basis of the experimental results and the literature ([@R27], [@R28]), we proposed the possible reaction mechanism shown in [Fig. 3](#F3){ref-type="fig"}. First, the ether bond was cleaved by LiI with the aid of LiBF~4~, forming CH~3~I and lithium phenolate. RhCl~3~ was converted in situ to \[Rh(CO)~2~I~2~\]^−^ as the catalytic active species, and the oxidative addition of CH~3~I to it produced complex **II**. Then, an acetyl species (complex **III**) was formed via the fast immigration of methyl, and the leftover vacant coordination site was immediately saturated by a CO molecule. The resulting complex **IV** decomposed and released an acetyl iodide molecule, regenerating the catalyst \[Rh(CO)~2~I~2~\]^−^ ([@R27]). The total reaction of the Rh/I-catalyzed steps was the insertion of CO into the C--I bond of CH~3~I to produce acetyl iodide. Finally, lithium phenolate reacted with acetyl iodide and yielded the desired aryl acetate. Meanwhile, LiI was regenerated.

![Possible reaction mechanism of the carbonylation of aryl methyl ethers.](aaq0266-F3){#F3}

Concluding remarks
------------------

In summary, a new method to produce aryl acetates was proposed, in which aryl methyl ethers and CO were used as the reactants. Various aryl methyl ethers could be efficiently carbonylated to the corresponding aryl acetate over the RhCl~3~ catalyst with LiI and LiBF~4~ as the cocatalysts in acetonitrile, and the yield could be higher than 90%. RhCl~3~, LiI, and LiBF~4~ were indispensable components and cooperated very well in the reaction. The Rh species mainly catalyzed the carbonylation, whereas LiI acted as a cocatalyst in the carbonylation reaction and as a reagent for the cleavage of the ether bond, and LiBF~4~ assisted LiI to cleave the ether bond. DFT calculations showed that LiBF~4~ could bridge two LiI ion pairs and reduce the energy barrier to cleave the C--O bond. This work provides a new method to activate aryl ether bonds and synthesize aryl acetates. Moreover, the finding is of importance for investigating efficient approaches to valorization of biomass or its derivatives because biomass contains abundant aryl ether bonds.

MATERIALS AND METHODS
=====================

Materials
---------

Anisole (99%), 4-methylanisole (99%), 4-*tert*-butylanisole (98%), 3,5-difluoroanisole (98%), 4-bromo-2,6-dimethylanisole (99%), 3-chloroanisole (98%), 4-methoxybenzonitrile (99%), 1,4-dimethoxybenzene (98%), 4-chloroanisole (98%), 2-methoxynaphthalene (98%), and 1-methoxy-2,3,5-trimethylbenzene (97%) were provided by Beijing InnoChem Science & Technology Co. Ltd. Toluene (99%) was purchased from Sinopharm Chemical Reagent Co. Ltd. DMSO (99%), cyclohexane (99%), acetonitrile (99%), LiI (99%), LiBF~4~ (98.5%), NiCl~2~·6H~2~O (99%), and CoCl~2~·6H~2~O (99%) were purchased from J&K Scientific Ltd. PdCl~2~ (\>99%), Rh~2~(CO)~4~Cl~2~ (\>98%), RhCl~3~·3H~2~O (\>98%), and IrCl~3~·3H~2~O (\>98%) were purchased from Energy Chemical. All chemicals were used as received.

Experimental procedure
----------------------

The reaction was carried out in a Teflon-lined stainless steel reactor (15 ml) with a magnetic stirrer. In a typical experiment, the desired amount of aryl methyl ether, LiI, LiBF~4~, RuCl~3~, and anhydrous acetonitrile was loaded into the reactor. The reactor was sealed and purged with CO to remove the air. Then, CO was charged into the reactor to the desired pressure. The pressure was determined by a pressure transducer (FOXBORO/ICT, Model 93), which could be accurate to ±0.025 MPa. Then, the reactor was placed in an air bath of known temperature controlled by a proportional-integral-derivative temperature controller (model SX/A-1, Beijing SHUOYANG TIANCHENG Electronic Co. Ltd.). After the reaction, the reactor was placed in ice water, and the gas was released and collected in a gas sample bag. About 0.05 to 0.12 g of 1,3,5-trioxane as the internal standard was added to the liquid mixture and stirred for 5 min. For some of the samples, an appropriate amount of methanol was added to enhance the dissolution. After that, the mixture was centrifuged. The supernatant liquid was collected for qualitative analysis using gas chromatography--mass spectrometry (Agilent 7890B GC and 5977A Mass Selective Detector) and for quantitative analysis using ^1^H NMR (Bruker Avance III 400 HD) in DMSO-*d*~6~. The NMR spectra are shown in the Supplementary Materials. The peak of trioxane \[(CH~2~O)~3~, δ 5.1\] was used as the reference. The peaks of the protons in --OCH~3~(δ 3.7) and --OCOCH~3~(δ 2.2 to 2.3) were used to determine the reactant conversion and the product yield, respectively. The peaks were chosen because they do not overlap with the signals of other protons of the reactant, product, and solvents. The baselines around these peaks were also flat for accurate integration. For **2d**, **2h**, **2k**, and **2o**, the peak of --OCOCH~3~ was not appropriate for the quantitative analysis, so a GC (Agilent 6820) with a flame ionization detector was used instead. The gas sample was analyzed by using a GC (Agilent 4890D) equipped with a thermal conductivity detector and a packed column (Carbon molecular sieve TDX-01) using argon as the carrier gas. No gaseous product was generated in this work. The products were purified by silica-gel column chromatography using petroleum ether and ethyl acetate mixed solution as the eluent. The products were characterized by ^1^H and ^13^C NMR and high-resolution mass spectrometry (HRMS) with electron impact (EI) ionization (GTC Premier Spectrometer, Waters).

Computational details
---------------------

All the calculations were performed using Gaussian 09 software ([@R34]) with the M06-2x method ([@R31]). A def-TZVP basis set ([@R32]) was used for C, H, N, O, B, F, and Li, and the SDD (Stuttgart/Dresden) pseudopotential and basis set ([@R33]) was used for iodine. Intrinsic reaction coordinate calculation was performed to confirm that a given transition state (solely imaginary frequency) connected a particular couple of consecutive minima (no imaginary frequency). The solvent effect of acetonitrile was taken into account by the SMD model ([@R35]). The NPA atomic charges ([@R36]) were calculated at the same level using the NBO 3.1 module ([@R37]) embedded in the Gaussian 09 package.
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